The ubiquitin system was first identified as a part of ATP-dependent protein degradation machinery by Her shko and co-workers in 1978 (1) . Ubiquitin is a small globular protein consisting of 76 amino acids and is one of the most conserved proteins among eukaryotes. The proc ess used to tag target proteins with ubiquitin is termed ubiquitylation and it is a multi-step process that depends on the activities of three kinds of enzymes, denoted El, E2 and E3. First, ubiquitin is activated by ATP to form a high-energy thiol-ester intermediate with the conserved cysteine residue of El (ubiquitin activating enzyme). The activated ubiquitin is then transferred to one of several E2s (ubiquitin conjugating enzymes) from El to form high-energy thio-ester bond. In the presence of an E3 (ubiquitin-protein ligase), E2 transfers ubiquitin to the specific protein substrate recognized by the E3. There fore, the E3s are the components of the ubiquitin system that largely determine its substrate specificity.
A number of different E3 ligase families have been identified. In the case of the HECT (homology to the E6 AP C-terminus) E3 ligases, ubiquitin is first transferred to E3 and, then to the substrate.
In contrast, E3s bearing a RING finger domain transfer ubiquitin to target pro teins directly from E2s, which are bound to the RING fin ger domain. This family contains both monomeric (e.g. Mdm2, c-Cbl) and hetero-oligomeric ligases (e.g. APC/C, SCF, and VBC-Cul2).
Several other ligase families such as U-box and PHD families have been identified, but their modes of ubiquitylation has not been fully eluci dated.
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Through the functions of El, E2 and E3 enzymes, ubiq uitin forms an isopeptide bond between its C-terminal glycine and an s-amino group of a lysine residue of the target proteins (2-4) (Fig. 1) . Successive isopeptide bond formation between the C-terminal glycine and lysine-48 of the conjugated ubiquitin molecules then generates a polyubiquitin chain that functions as a recognition signal for the 26S proteasome. This multisubunit protease then degrades the ubiquitylated proteins to small polypep tides (Fig. lA) . Recent works have shown that there is a variation to this general system in that the formation of polyubiquitin chains can also employ lysine residues of ubiquitin apart from lysine-48 (3, 5) . However, the roles of those ubiquitin chains will not be discussed in this review. The studies on the HIFs revealed the importance of novel post-translational modifications in ubiquitin-medi ated regulatory systems that participate in the oxygen sensing pathway in cells. In our research, we have identi fied another type of oxidative modification.
We found that iron regulatory protein 2 (IRP2), which is a regulator of iron metabolism in mammalian cells, is itself regulated by iron-dependent degradation via the ubiquitin-proteas ome pathway (12) . We postulated that this iron-mediated oxidative modification functions as a specific signal for selective ubiquitylation (13) . Here I will review our recent progress in elucidating the mechanism underlying the iron-dependent ubiquitylation of IRP2 (14) . I will also discuss how this research broadens our understanding of the oxidation-induced ubiquitin system and the turnover of oxidized proteins.
Overview of the regulation of iron metabolism in mammalian cells
First, I will briefly describe cellular iron metabolism. Iron is an essential nutrient for almost all organisms, often because it functions as a redox center of enzymes or regulatory proteins. However, iron simultaneously acts as a potentially cytotoxic element by generating hydroxyl radicals in conjunction with oxygen (15) . Its potentially harmful effects mean that the metabolic pathways of iron uptake and storage are highly regulated. There is also evidence that IREs may also be involved in regulating other iron-metabolizing proteins.
Recently, molecules involved in iron uptake from the intestinal lumen were found to include DMT1, originally denoted as It has also been established that IRP1 is regulated by the assembly/disassembly of its iron-sulfur cluster. These observations together indicate that the availability of iron to cells is sensed by two dif ferent systems, namely, the system that assembles iron sulfur clusters and the system that makes heme availa ble. Heme is generated in mitochondria and in yeast at least, iron-sulfur clusters are also formed in mitochon dria. Therefore, it seems reasonable to propose that IRP2 is regulated by a different mechanism from that used to regulate IRP1 because heme synthesis and iron-sulfur cluster assembly are both regulated by mitochondrial iron availability.
Supporting this notion is that we have observed that the iron concentration required to down regulate IRP2 is identical to that required to disassemble the iron-sulfur cluster of IRP1 (Iwai, K., unpublished observations).
Arguing against this notion, however, is that it has been suggested that in metazoans, iron-sulfur clusters are generated both in the mitochondria and the cytoplasm (34) .
Heme is known to function as a cofactor of many pro teins. For example, it serves as an oxygen-binding center of hemoglobin and myoglobin. It also functions as a redox active center of proteins.
In addition, heme modulates the functions of regulatory proteins involved in gene expression.
For example, when the transcriptional acti vator Hapl in S. cerevisiae binds to heme, it activates the transcription of genes involved in oxygen utilization or oxidative damage responses (32) .
Moreover, heme binding to the mammalian transcrip tional repressor Bachl suppresses the repressor activity of the protein (33) . In addition, the activity of Irr, the transcriptional regulator of heme synthesis in bacteria, has been shown to be regulated by heme. The binding of heme to these regulatory proteins is mediated via the conserved amino acid HRM sequence. As mentioned above, IRP2 is also believed to bind to heme via its HRM like motif in the IDD domain. These observations indi cate that with regard to understanding the role heme by the superoxide radical, the IDD domain is subsequently rec ognized by HOIL-1 and IRP2 is ubiquit ylated, followed by proteasomal degrada tion.
plays in iron-sensing, it is of interest to determine the role HRM plays in heme-binding.
As mentioned, the activity of Irr is regulated by heme mediated degradation of the protein (35, 36) . The heme dependent binding of Irr to ferrocheletase has shown to be critical for its degradation (37) , suggesting that both Irr and IRP2 share common features in the iron-medi ated regulation of their protein activity. However, it has not been shown that oxidation is critical for the degrada tion of Irr. Indeed, since bacteria do not have an active ubiquitin system or mitochondria (which is where ferro cheletase is located in eukaryotic cells), the degradation mechanism of Irr must be different from that of IRP2.
Role of the ubiquitin system in the turnover of oxi dized proteins
That HOIL-1 recognizes oxidized IRP2 suggests that this ubiquitin ligase may participate in the broader met abolic process of removing oxidized proteins. Protein oxi dation is a natural consequence of aerobic metabolism in cells. Oxygen radicals oxidatively modify amino acid resi dues of proteins, which cause these proteins to lose their activity or function. It has been shown that oxidized pro teins tend to form protein aggregates and are often toxic to cells (38) . Moreover, such aggregates participate in the pathogenesis of several neurodegenerative disorders, and oxidation has been suggested to be involved in their for mation (38) There are also some specific exceptions to the rule that ubiquitin conjugation is necessary for degradation by the 26S proteasome. For example, ornitine decarboxylase has been shown to be degraded by the 26S proteasome with out ubiquitylation (46). In this case, a specific ancillary protein called antizyme targets ornitine decarboxylase to the 26S proteasome. The CDK inhibitor p21 is also degraded by the 26S proteasome without ubiquitylation, although the involvement of an ancillary protein in this process has not been reported (47). It is possible that HOIL-1 recognizes the IDD domain that has become unfolded or otherwise damaged due to the oxidation mediated by the heme and the oxidative modification does not affect the overall structure or the function of the protein. This would explain why oxidized IRP2 still possesses its physiological activity (12) . Sup porting this is that the IDD domain, which is the site for heme binding and the site subjected to oxidation, is not needed for the IRE-binding of the protein, as an IRP2 mutant lacking the IDD domain and an IRP1 mutant possessing the domain at the corresponding position of the protein both possess IRE-binding activity (12) . Thus, the oxidatively unfolded IDD domain may be recognized by HOIL-1 ubiquitin ligase and thereby be destined for degradation. On the basis of the evidence to date, it is likely that HOIL-1 ubiquitin ligase participates in the removal of physiologically oxidized proteins rather than eliminating proteins subjected to moderate or heavy oxidation. 
